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The possibility that neuronal loss in prion dis-
eases occurs through an apoptotic process has
been postulated and is consistent with the lack of
inflammation in these disorders. In order to test this
hypothesis in FFI, in which neuronal loss is the pre-
dominant neuropathological feature, we examined
samples of thalamus, basal ganglia, cerebral cortex,
cerebellum and medulla from 10 subjects with FFI.
All the patients had the characteristic 178 N mutation
of the PrP gene. Eight subjects were homozygous
methionine/methionine at codon 129 and 2 were het-
erozygous methionine/valine. Apoptotic neurons
were identified by in situ end labelling in all the FFI
cases and in none of the controls. They were mostly
found in damaged regions and their presence and
abundance seemed to correlate closely with the neu-
ronal loss. They were particularly abundant in the
thalamus and medullary olives. In heterozygous
cases who had a longer disease duration and more
widespread cerebral changes, apoptotic neurons
were also found in the neocortex and striatum. The
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abundance of apoptotic neurons also correlated well
with microglial activation as demonstrated by the
expression of major histocompatibility complex
class Il antigens. PrP ™ immunostaining was almost
invariably negative, consistent with previous data
showing the lack of obvious correlation between
neuronal loss and PrP ' deposits in prion diseases.

Introduction

Neuronal loss, together with spongiosis and astrocy-
tosis, is a salient feature of human prion diseases (23).
However, its causes and mechanisms, particularly its
relationships with the accumulation of the pathogenic,
protease resistant isoform (P)Pof the cellular prion
protein (PrP), are still unclear. The possibility that neu-
ronal loss in prion diseases occurs through a process of
programmed cell death has been postulated.
Programmed cell death (PCD) is a physiological form of
the cell-suicide process, essential in the normal devel-
opment, maturation and turnover of tissues. However,
abnormal induction of a cell death programme may
occur in pathological conditions. PCD is an active
process, requiring activation signals, signal transduction
and, in most instances, gene expression and protein syn-
thesis in the dying cell. It is therefore regulated by sig-
nals provided by the local environment. Unlike necrosis,
which is a passive, pathological form of cell death, PCD
can be induced or suppressed in most instances by the
withdrawal or addition of defined activation signals (7,
31). Apoptosis, the phenotype of cell suicide, differs
from necrosis morphologically and biochemically.
Morpho-logically it is characterized by shrinkage of the
cell and the nucleus, condensation and fragmentation of
the nuclear chromatin, loss of the nuclear membrane
integrity, maintenance of organelles and plasma mem-
brane integrity despite membrane blebbing, and the seg-
mentation of the cell into apoptotic bodies that are
rapidly ingested by neighbouring phagocytic cells.
Unlike necrosis, in which cell swelling and rupture of
the cell membrane lead to release of proteases and intra-
cellular toxic enzymes causing an inflammatory reac-
tion, PCD does not induce inflammation in the affected
tissue (7, 29). Biochemically, apoptosis is characterized
the specific endonuclease-mediated internucleosomal



case age sex disease codon 129 reference

number duration (months)

1 38 M 12 Met/Met Colombier et al. [9]

2 63 F 10 Met/Met Collinge et al. [8] Case PDG 1385
Will et al. (this issue) case 1

3 38 F 14 Met/Met Will et al. (this issue) case 2

4 25 M 13 Met/Met Budka et al. [6] Case 1

5 20 F 10 Met/Met Budka et al. [6] Case 2

6 58 F 8 Met/Met Budka et al. [6] Case 3

7 53 M 8 Met/Met Medori et al. [24] Case IV 26 FFI 2

8 54 F 11 Met/Met

9 56 F 33 Met/Val Manetto et al. [22] Case IV 16-FFI 1

10 35 F 25 Met/Val Manetto et al. [22] Case V 58-FF| 1

Table 1.

fragmentation into regular subunits multiple of ankindreds (22, 24, 27) (cases 7-10). All the patients had
oligonucleosome length unit of 180 base pairs (32). the typical Asn mutation at codon 178 of the PrP gene.
The hypothesis that, in prion diseases, neuronal losBight patients (cases 1-8) were homozygous methion-
occurs through an apoptotic process is consistent witme/methionine at codon 129, and 2 patients were het-
the almost complete absence of inflammatory reactioerozygous methionine/valine (cases 9 and 10). Clinical,
in their pathology. It is also supported by experimentakpidemiological, genetic and bibliographic informations
studies. Apoptosis of neurons has been identified, concerning these 10 cases are summarized in table 1.
vivo, usingin situ end labelling (ISEL) and electron Ten age and sex matched individuals who died acciden-
microscopy in scrapie infected mice (16). Moreover, thetally but with no brain involvement, collected in
106-126 synthetic peptide homologous to PrP has bedforensic Medicine, were examined according to the
shown to be neurotoxic and induce apoptosis of rat hipsame protocole and served as controls.
pocampal neurons in cultures (12). These findings have In each case we examined samples of thalamus at the
been recently supported, in human, by a preliminanfevel of the anterior nucleus, striatum, at least one sam-
ISEL study in sporadic, familial, and iatrogenic ple of cerebral neocortex and Ammon's horn, cerebel-
Creutzfeldt-Jakob disease (CJD) (17). lum, and medulla. Sections from formalin fixed, formic
We looked for neuronal apoptosis in fatal familial acid post fixed, paraffin embedded specimens were
insomnia (FFI) and compared our findings with those instained with H&E. Immunocytochemistry to demon-
CJD, since FFI differs from other prion diseases in thastrate prion protein deposits was performed according to
neuronal loss and gliosis in the medial thalamus are thine protocol of the CJD Surveillance Unit, Edinburgh
predominant neuropathological feature (13, 21, 22, 24§4) with microwave substitution of the autoclaving pre-
whereas spongiosis is moderate or absent. Moreovereatment, using the 3F4 antibody (Senetek).
although the presence of PrRas been demonstrated by Immunocytochemistry to identify major histocompati-
immunoblotting in restricted brain areas (27), its amounbility (MHC) class Il antigens and interleukin (ILp1
is usually small and it is generally undetectable byexpression was performed after microwave pretreat-

immunocytochemistry. ment, by an immunoalkaline phosphatase (APAAP)
method using a monoclonal anti-human MHC class |l
Material and Methods (HLA-DR) antibody (Dako) and a polyclonal anti-

In the framework of 2 European Union Concertedhuman IL-B antibody (Genzyme, UK)In situ end
Actions on human transmissible spongiform labelling was performed using the Apoptag kit (Oncor)
encephalopathies (BMH4-CT97-2034) and FFlmodified as previously described (1).
(BMH4-CT96-0856), brain samples from 10 patients The presence of apoptotic neurons was evaluated
who died from FFI were collected. They included onesemiquantitatively by two different neuropathologists
case from France (9) (case 1), 2 unrelated patients frogAD & FG) and subsequently reviewed jointly, as previ-
UK (cases 2 & 3) one of whom had been successfullpusly described (1); briefly it was scored 0 when no
transmitted to transgenic mice expressing human PrRpoptotic neurons were found, (+) when only occasion-
(8), 3 members of the recently described Austrian famial isolated apoptotic neurons were seen, (++) when
ly (6) (cases 4-6), and 4 cases from 3 different Italiarbccasional nests of apoptotic neurons were observed
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and (+++) when apoptotic neurons were frequent
Endothelial cells which have a quick turn over and
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therefore often undergo apoptosis, served as positiy
internal controls. The intensity of PrPsc, HLA-DR and
IL-13 expression was also evaluated semiquantativel
and scored 0: absent, (+): mild, (++): marked and (+++)
intense.
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Results
Apoptotic neurons were identified in all the FFI cases
(table 2) and in none of the controls. Positiveituend
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labelling was frequently but not invariably associated
with morphological changes characteristic of apoptosi
with pyknotic nuclei and shrunken cytoplasm. Apoptotic
neurons were mostly found in damaged regions an
their topography and abundance seemed to correla
closely with those of the lesions. Microglial activation
as demonstrated by expression of HLA-DR was als
closely related in distribution and severity to neurona
apoptosis (table 2). Expression of IB-tvas only found
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in areas in which HLA-DR expression was intense. I
was always discrete, never exceeding (+), mainly identi
fied in the cytoplasm of occasional macrophages an
more rarely in process bearing microglial cells. PrH
imunostaining was invariably negative with the excep-
tion of one Austrian case (case 6) (6) in which weak Pr
positivity was identified in the molecular layer of the
cerebellar cortex.

In patients homozygous for methionine at codon 124
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of the PrP gene, the predominant changes included ne
ronal loss and gliosis in the thalamus, particularly in the
anterior nucleus. Involvement of the medullary olives
with neuronal loss, frequent vacuolated neurons an
gliosis, was also usually present. Involvement of the
cerebral cortex and striatum was generally inconspicu
ous restricted to inconstant rare spongiform change, ar
the cerebellum was unremarkable. Apoptotic neuron *
were most numerous in the anterior nucleus of the tha
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amus involving, in some cases, most of the remainin
neurons (Fig. 1A). They were not limited to the anteriof @
nucleus and usually extended to other thalamic nuclei i
which neuronal loss was incomplete. Parallelly,
microglial activation was severe in the thalamus (Fig
1B), particularly in the anterior nucleus and medial thal-
amus, but it involved also, to a lesser extent, the othe
thalamic nuclei. In contrast, B-expression was con- *
stantly weak, even in regions with marked HLA-DR
expression. Apoptotic neurons were constantly identi
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fied in the medullary olives (Fig. 1C) and in the sur- Table 2.
rounding medullary nuclei. High expression of HLA-
DR was also always found in the medulla. It was obvi-
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Figure 1. Lesions in patients homozygous Met/Met at codon 129 of the PrP gene. A) case 7, anterior nucleus of the thalamus, ISEL
stains positively the only remaining neuron, x 400. B) case 1, anterior nucleus of the thalamus, HLA-DR immunostaining shows
marked microglial activation, APAAP x 200. C) case 6, medullary olive, ISEL stains positively a neuron with a pyknotic nucleus, x400.
D) case 8, cerebral neocortex, ISEL stains positively one neuron in the vicinity of mild spongiform change, x400.

ous, often multifocal, in the olives, but was often moreHLA-DR expression (Fig. 2B). I expression was pre-
intense in the dorsal medullary nuclei. In the cortex andent but weak (Fig. 2C). Examination of the striatum
striatum, only a few labelled neurons were occasionallyperformed in case 9 only, revealed prominent microglial
identified, mostly in the vicinity of the rare spongiform activation associated with marked gliosis and a few
change (Fig. 1D) and HLA-DR expression was usuallyapoptotic neurons (Fig. 2E). In this area apoptotic
normal. Occasional positive granular neurons andnicroglial cells were also identified.
microglial activation were found in the cerebellum in
one case (case 6), interestingly the only one in whicliscussion
discrete PrP expression was observed in the cerebellum Apoptosis of neurons was identified usingsituend
(6). labelling in all our 10 cases with fatal familial insomnia
As already stressed (13), different lesions were see@dnd not in the controls, supporting the view that pro-
in the brains of the 2 subjects who were heterozygougrammed cell death is a feature of human prion diseases
methionine/valine at codon 129 of the PrP gene and had7) and may contribute, at least partly, to the neuronal
a longer disease duration. Neuronal loss and gliosis ilpss which is a major feature of these conditions.
the thalamus were less severe than in homozygouipoptotic neurons were mostly found in affected brain
patients, although apoptotic neurons were frequent anggions and their distribution and abundance correlated
microglial activation was marked. In contrast, changeslosely with neuronal loss. They were invariably found
in the neocortex were more severe and included spoiiA the thalamus and medullary nuclei. The two subjects
giosis, frequent apoptotic neurons (Fig. 2A) and highwho were heterozygous methionine/valine at codon 129
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Figure 2. Lesions in patients heterozygous Met/Val at codon 129 of the PrP gene. A) case 9, cerebral neocortex, ISEL stains posi-
tively several neurons some of which show morphological features characteristic of apoptosis within marked spongiform change, x
400. B) case 9, cerebral neocortex same area as 2b, HLA-DR immunostaining shows marked microglial activation, APAAP x400. C)
case 9, cerebral neocortex same area as 2b and 2c, IL-1b immunostaining shows weak expression in a the cytoplasm of a process
bearing microglial cell, APAAP x 400. D) case 9, striatum, ISEL stains positively one neuron with a pyknotic nucleus and a shrunken
cytoplasm, and one process bearing microglial cell, x 400.

of the PrP gene and had a longer disease duration wititcur in response to several types of injury, including
more diffuse cerebral lesions (13) had more widespeadnterograde and retrograde axonal or neuronal lesions
apoptotic neurons also detected in the cerebral cortgd4, 15) and, it may also be directed to the ingestion of
and striatum. apoptotic neurons (29). Alternatively, microglial activa-
Microglial activation, as demonstrated by expressiortion may play a causative role in neuronal apoptosis.
of major histocompatibility class Il antigens, was alsoThe differentiation of microglia into brain macrophages
closely related to the other neuropathological changes iis accompanied by the release of cytotoxic mediators
distribution and severity, suggesting that it is, togethesuch as free oxygen radicals, cytokines or nitric oxide
with the astrocytic reaction, a component of the gliosigNO) (3). We investigated specifically ILBlas it has
which is a main neuropathological characteristic of FFlbeen shown that this cytokine may activate the immuno-
This is consistent with previous studies demonstratindogic form of nitric oxide synthase (11) and that chron-
that microglial activation is a feature of human spongiic NO exposure produces apoptosis of cells (5).
form encephalopathies (25). The close relationship, bothlowever, although IL-® expression was constantly
topographic and quantitative, between microglial activaassociated with HLA-DR expression, it was unvariably
tion and neuronal apoptosis suggests two possibleuch weaker. This differs from HIV encephalitis in
mechanisms which are not mutually exclusive. First, thevhich production of IL-B has been shown to be asso-
microglial reaction may just be the consequence of netwciated with microglial activation and in which, in our
ronal apoptosis or neuronal damage. Transformation afxperience, the expression of I3-1s superposable on
microglia into brain macrophages has been shown tthat of HLA-DR (2). This discrepancy may be explained
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by the presence of an inflammatory reaction that magause of neurological dysfunction (19). It may therefore

enhance IL-B expression in HIV encephalitis, whereas be postulated that PrHnduced dendritic or axonal

it is absent in FFI. damage can contribute to neuronal apoptosis either due
The presence of frequent apoptotic neurons, compae deafferentation (28) or to retrograde neuronal degen-

rable in number to what we observed in other prion diseration (18). Such a mechanism would be consistent

eases (17), in the absence of immunocytochemicallyith the observation in our case 6, as in observations of

identifiable PrPs deposits is consistent with previous familial CJD with octapeptide repeat insertions (17, 30),

observation that neuronal damage in prion diseases doet PrPe deposits in the cerebellar molecular layer and

not parallel Prdeposition. Indeed, in the only case in neuronal apoptosis in the granular layer.

whom PrPs deposits were identified in the cerebellum,
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